INTRODUCTION 1
At a basic level, most people will not consider riding a bicycle if they don't believe they have a safe and 2 comfortable place to do so (1, 2) . Early efforts to dedicate space for bicyclists on roadways resulted in the 3 addition of striped bike lanes which provide a dedicated space for bicycles adjacent to motor vehicle 4 traffic. While research has shown that bicyclists will choose streets with bike lanes over those without (3-5 5) , there is a growing recognition in the United States that a standard bike lane is sometimes inadequate as 6 a means of establishing a place that many segments of the general population would be willing to ride. In 7 contrast, it is clear that off-street trails or paths offer a comfortable place for most people to bicycle (1, 3) . 8
Increasingly, designs are seeking to provide additional separation from motor vehicles by providing a 9
"buffer" between a bike lane and other traffic lanes. These buffered bike lanes offer extra separation from 10 other traffic and can provide the space to add physical barriers such as bollards, curbs or planters. While 11 there is growing consensus that the addition of such buffers can increase bicyclists' sense of safety, and 12 the number of on-street bike lanes protected from moving traffic by a buffer has increased considerably 13 (6), there has been little research seeking to differentiate between the effects of various types of buffers 14 and their influence on bicyclist comfort or perception of safety.
15
A bike lane buffer may be simply paint, in what the National Association of City Transportation 16
Officials (NACTO) terms a "buffered bike lane" in its 2012 Urban Bikeway Design Guide, or it may exist 17 with some form of vertical physical protection in the case of a "cycle track" or protected bike lane (7). 18 There is little published research about the desired type or width of buffers to adequately provide a safe 19 and comfortable riding experience. However, the NACTO design guide suggests a minimum width of 18 20 inches based on the impracticality of striping a narrower width, and requires diagonal cross-hatching for 21 three foot or greater buffers. In the design of a cycle track, a minimum of a three-foot buffer is suggested 22 "in the absence of a raised median or curb," with the space used to locate bollards or other physical 23 protection (7). The guide also suggests a three foot buffer between parked cars and the bike lane in the 24 case of a parking protected bike lane. A buffer may also exist between a parking strip and a bike lane, 25 which has been shown to encourage bicyclists to ride outside of the "door zone" (8).
26
A random phone survey of residents of the Portland metro area, a relatively bike-friendly area, 27
found that only 13% of respondents felt very comfortable bicycling either on streets without bike lanes, or 28 on a busy street with a bike lane. Most of the remaining respondents (56%) were interested in bicycling, 29 but were not very comfortable in those conditions (3) . When asked, most people prefer separated facilities 30 over a striped bike lane or sharing lanes with motor vehicles (3, (9) (10) (11) (12) (13) , and recent research goes further to 31 indicate that perceived risk is lower on separated facilities (13-15). Some research reveals that facility 32 preference may vary among different groups of bicyclists (and non-bicyclists). Sanders (13) asked survey 33 respondents to rate their level of comfort on a number of facilities, including a barrier-separated bike lane 34 with and without parking between the bike lane and the moving traffic lane -interestingly, non-cyclists 35 indicated a greater level of comfort without the parking lane, while weekly or daily cyclists preferred the 36 facilities equally. Some studies have found that more experienced cyclists prefer striped lanes over 37 separate multiuse paths (4, (16) (17) (18) . These differences may be due to factors other than comfort, as paths 38 often require greater deviations from the shortest route or involve mixing with pedestrians (which can 39 slow travel). On the other hand, research has found that women and less-experienced cyclists generally 40 prefer more separated facilities and avoiding high traffic volumes and speeds (12, (19) (20) (21) .
41
This paper contributes to the literature by quantifying the influence of buffer type on self-reported 42 comfort levels. To do this, we use data from surveys collected for a multi-city study of newly constructed 43 protected bike lanes (22) to examine the influence of various hypothetical and actual buffered bike lane 44 designs (some with and some without physical protection) from the perspective of current bicyclists and 45 residents who could be potential bicyclists. Not all possible types of buffers (23) are covered and other 46 issues related to barrier types such as maintenance, snow removal, curb access, and durability are not 47 explored in the paper. In the section that follows, the methodology to collect and administer the surveys is 48 described. In the findings section, the analysis of hypothetical buffers comfort is followed by self-reported 49 comfort. Finally, conclusions are presented. In discussing findings in this paper, respondents of the intercept survey may be referred to as 24 "bicyclists" and respondents of the resident mail-out survey may be referred to as "residents". These 25 categories are not mutually exclusive though, as "bicyclists" could live in the vicinity of the facility, and 26 "residents" could also ride bicycle. However, very few people took both surveys: the resident survey, 27 which launched after the intercept survey, asked respondents if they have taken "a separate online 28 bicyclist survey about these protected bike lanes from us recently"; only 15 respondents, or 0.7%, said 29 they had. 30 
6
Resident Survey 7
Paper copies of the resident survey were mailed to up to 2,000 resident addresses within a specific 8 boundary (up to a quarter mile) of each study facility. The size of the boundary around each facility 9 differed based on the density of the surrounding area and the resulting distance needed to achieve an 10 ample sample size. Resident addresses are taken from the Reference USA database accessed through a 11 PSU subscription service. The paper surveys were printed in booklet form and ranged in size from 8-12 12 pages. Respondents could be entered into a drawing for one of three $100 Amazon.com gift cards. Survey 13 recipients were given two options for completing the survey. They could fill out the paper copy of the 14 survey and return it in the postage-paid envelope or complete an online version of the questionnaire. Just 15 over a third of respondents (34%) opted to complete the survey online. The survey asked residents some 16 general questions about their travel behavior, attitudes about bicycling, and potential comfort bicycling 17 different types of facilities. More detailed questions followed about the recently constructed nearby 18 protected bike lane, including questions about how the facility impacted their neighborhood, and about 19 driving, walking and bicycling on the street. 20 Comparing the overall sample across the cities to Census data, resident survey respondents were 21 older, more likely to be homeowners, and more likely to have at least a four-year college degree. The 22 survey sample contained a slightly higher percentage of respondents identifying as white than comparison 23 tracts (81% compared to 76%), and slightly fewer identifying as black, Hispanic/Latino, or Asian (5-6% 24 compared 8-9%). Respondents were also more likely to have children in the household and work from 25 home. Although the combined group of respondents was only slightly more likely to be earning $100,000 26 or more, this group was in fact overrepresented in most individual localities. Just over a third of resident 27 respondents (36%) had ridden a bicycle on the new facility since it was built (ranging from a low of 28% 28
for Barton Springs to a high of 46% for Oak and Fell Streets). To take into account respondents' current 29 riding behavior and views toward bicycling, residents were broken them down into bicyclist types using 1 an established methodology for grouping people into a "cyclist typology" (3, 24 transportation, but have concerns that could hold them back -these people would be categorized into the 6
Interested but Concerned group. Of the 64% of respondents who had not ridden on the facility, 37% fell 7 into the Interested but Concerned group; of those who had ridden on the facility, 51% fell into that 8 category. 9
Intercept Survey 10
The intercept survey was designed to catch people riding in the protected bike lanes. Project team 11 members, volunteers or city staff intercepted bicyclists along the study facility and handed them a 12 postcard encouraging them to take an online survey. The postcard included a web address and unique 13 code needed to access the survey. Locations for survey distribution along each facility were typically at 14 places where bicyclists were already required to stop (i.e., stop-controlled or signalized intersections) so 15 that the postcard distributors would not distract the bicyclists and potentially endanger their safety. were asked a series of questions relating to how comfortable and safe they thought the protected bike 29 lanes are. Both groups were also asked to rate how comfortable they would be riding a bicycle on a series 30 of hypothetical scenarios, including on a bike path, on a street with no bike lane, a street with a bike lane, 31
and a street with a protected bike lane (see 22). Bicyclists were also asked to rate how comfortable they 32 would feel on a set of generic routes with varying types of buffers, using diagrams of each proposed 33 buffer type (Figure 2 ). The rating scale presented went from 1 (very uncomfortable) to 6 (very 34 comfortable). Intercepted bicyclists and select residents (those who indicated that they had bicycled on 35 the new protected bike lane) were asked to indicate their comfort on the actual facility using the same 36 scale. On certain facilities with different buffer sections, intercepted bicyclists were asked to about their 37 comfort on the distinct sections. Table 2.  7 Each facility surveyed is shown in a column and the scores are rounded to one decimal. 8
In general, nearly all respondents stated they would be very comfortable (6 on the 1-6 scale) 9 riding on a path or trail separate from the street (Situation A) and uncomfortable (1 or 2 on the scale) 10 riding on a commercial street with two lanes of traffic in each direction, with traffic speeds of 35 miles 11 per hour, on-street car parking, and no bike lane (Situation B Portland residents were more comfortable than those in Chicago (p<.05). The differences between the 32 cities in the residents' comfort levels may be due to different levels of bicycling among the residents in 33 those cities, the typical facilities available in those cities, or other demographic or cultural differences. 34 FIGURE 3 provides a visual representation of the differences between the persons surveyed in 35 each city, including demonstrating that intercepted bicyclists in Washington, DC are more comfortable 36 than other bicyclists on streets with and without bike lanes. 37 3  4 Intercepted bicyclists were then asked to use the same scale of 1 (very uncomfortable) to 6 (very 5 comfortable) to indicate their level of comfort on a series of different buffer and separation types (as 6 shown in Figure 2 above). The different buffer types and the mean stated comfort for each are shown in 7  Table 3 . The options, shown ranked from least to most comfortable according to mean comfort rating, 8 were presented to survey respondents in an unordered manner; the order of presentation is shown in 9 parenthesis next to each item description in the table. In the table, the types of buffer present on the actual 10 facility on which bicyclists were intercepted have been shaded. 11
2

FIGURE 3 Mean Stated Comfort Level on Hypothetical Facilities
The respondents' comfort ratings of the differing hypothetical buffers are very consistent across 12 the cities and facilities; in fact, the buffers with planters, flexposts, and a concrete curb ranked first, 13 second and third most preferred, respectively, across each of the seven surveys, with the bottom three 14 options showing considerable consistency as well. The most common buffer type used on the actual facilities on which bicyclists were intercepted, 27 the two to three foot buffer with plastic flexposts, is rated very highly despite offering less actual physical 28 protection (i.e. it would not do much to stop a vehicle from entering the bicycle lanes) than two of the 29 
9
Note that results have been rounded to nearest hundredth here to demonstrate the difference.
11
As shown in the final column of Table 3 , bicyclists in the Interested but Concerned category were less 12 comfortable than other cyclist groups in most of the buffer types (the exceptions being the raised concrete 13 curb, where there was no difference, and the planter buffer, where they were only slightly less 14 comfortable than the Enthused and Confident). However, as Figure 4 demonstrates, bicyclists in the 15
Interested but Concerned category did achieve much greater increases in comfort with the buffers over a 16 standard bike lane. The figure shows the change in the overall mean comfort scores for the different 17 bicyclist types in the intercept sample (Strong and Fearless, Enthused and Confident, and Interested but 18 Concerned), compared to a commercial street with a standard striped bike lane (Situation C in Figure 1  19 and Table 2 ). For each buffer type, a normalized score of 0% indicates that the mean comfort level was 20 the same as in a standard bike lane, while a score of 100% would indicate that the respondents were, on 21 average, twice as comfortable (e.g. an increase of 3 to 6 on our 6 point scale). Those cyclists already 22 falling into the two most comfortable categories realize little change in comfort with several buffer types, 23 and are even slightly less comfortable with a buffer with parked cars. However, the Interested but 24
Concerned group shows an increase in stated comfort of 24% to 31% for the painted buffers and buffer 25 with parking, and increase to around 50% more comfortable for the buffers with a concrete curb, plastic 26 flexposts, or planters. Experience on the New Protected Lanes 6
Intercepted bicyclists were asked to indicate their comfort level on the same six-point scale for either the 7 overall facility on which they were intercepted, or, in a few cases where the facility had very distinct 8 sections, for specific portions of that facility. Stated comfort levels on actual facilities provide a clearer 9 view of how comfortable bicyclists actually are when riding on a given facility. Mean comfort scores 10 from intercepted bicyclists are shown in Table 4 , along with mean comfort scores on roughly equivalent 11 examples from the hypothetical examples. In cases where the actual facility surveyed encompasses 12 multiple hypothetical facilities, an average of the shaded scores shown in Table 3 is shown. 13
In most cases, the stated comfort in the intercepted facility is considerably lower than the comfort 14 level on hypothetical routes with similar buffer treatments. There are several potential reasons for this 15 discrepancy. First, respondents were asked about their comfort on the actual facility at the beginning of 16 the survey, and asked about the hypothetical buffers later in the survey; they may have adjusted their 17 rating scale as a result of earlier questions (although the survey did allow respondents to go back and 18 change responses). Second, the actual facilities on the ground include features other than the buffer link 19 sections, most obviously intersections that are usually more complicated and potentially less comfortable. 20 Further, the actual roadway conditions, including speed and volume of motor vehicle traffic may differ 21 from respondents' perceptions of the hypothetical facility. Finally, it's also possible that respondents 22 overestimate their expected comfort on hypothetical facilities. Table 3 , as marked by the columns under "Type of Buffer Present." 5 6
To get at the effect of the buffer specifically on the perceived changes for bicyclists, respondents were 7 asked to indicate their level of agreement with a series of questions about the facility, from strongly 8 disagree (1), somewhat disagree (2), somewhat agree (3), and strongly agree (4). Statements included "the 9 buffer makes me feel safe" (with some facilities' buffers further broken down into separate statements for 10 separate buffer sections), and questions about the effectiveness of the buffer at separating and protecting 11 the bicyclist. were also more likely in most cases to indicate that they "often" encounter parked cars, cars loading or 5 unloading passengers, delivery vehicles, and taxis in the bike lane (four separate questions). On Barton 6
Springs Road, one in three respondents disagreed that the buffer does a good job at protecting bikes from 7 cars, though the sample size is too low to draw firm conclusions. On Dearborn Street, nearly half of the 8 intercepted bicyclists felt that the facility did not effectively separate bicyclists from pedestrians. 9 * The "% Agree" rows are the percentage of respondents indicating they "somewhat agree" or "strongly agree" with 11 the statement.
13
Residents' Perceptions of Actual Facilities 14
The perceptions of area residents to the impact of a new bicycle facility may play an important factor in 15 the success of the facility in encouraging new ridership. in the safety of bicycling on that street, likely because they also agreed that the buffer did a good job of 24 separating (85% agreement overall) and protecting (82% agreement overall) bikes from cars. 25
On the only facility that included planters separating the bike lane from standard traffic lanes, 26
Portland residents had a higher amount of strong agreement with the effectiveness of the buffer, both in 27 separating bikes from cars (57% strongly agreed in Portland compared to 46% overall) and in protecting 28 bikes from cars (50% strongly agreed in Portland compared to 39% overall). This may suggest that the 29 planter buffer is perceived as better at separating bikes from cars among residents in general (whereas 30 intercepted bicyclists rated the buffer with planters about equally to the buffers with flexposts and with a 31 concrete curb). 32 33 McNeil, Monsere and Dill group. However, the physical protection included in the buffer may achieve much of the beneficial effect 1 using relatively affordable and available materials: the high stated comfort levels of bicyclists to 2-3' 2 painted buffers with plastic flexposts suggests that simple delineators may be enough to substantially 3 improve the comfort level of a buffer for many existing bicyclists. Because we did not ask the residents, 4 which include people who currently do not bicycle, questions about the different buffer types, it is unclear 5 whether the type of physical separation would have a major effect on attracting new bicyclists. Other 6 issues related to maintenance and operations need to be considered in buffer selection, which this paper 7 does not address. 8
Nearly all the intercepted bicyclists agree that the buffer makes them feel safer (compared to the 9 previous facility). This is the case with painted buffers with plastic flexposts, as well as the lanes that had 10 parked cars or planters in the buffers. With a few exceptions, bicyclists also overwhelmingly agree that 11 the installed buffers are effective at separating cars from bicycles and protecting bicycles from cars. 12
Stated comfort on recently ridden facilities suggests that the high expected levels of comfort based on 13 hypothetical buffers are not quite achieved in reality -this may be due to lesser comfort at intersections, 14 which is not taken into account in the hypothetical situations, or other factors. 15
Finally, residents expressed strong beliefs that the buffers effectively separate and protect bikes 16 from cars, and as a result, the safety of bicycling on the routes has increased. Nearly three-quarters of all 17 residents indicated that they would be more likely to ride a bicycle with physically separated bike lanes, 18 with fully 88% of the 
